Chemical cleaning with hypochlorite is routinely used in membrane-based processes. However, a high-transient cleaning efficiency does not guarantee a low biofouling rate when filtration is restarted, with the physiological mechanisms largely remaining unknown. Herein, we investigated the microbial regrowth and surface colonization on membrane surfaces after NaOCl cleaning had been completed. Results of this study showed that the regrowth of model bacteria, Pseudomonas aeruginosa, was initially subject to inhibition due to the damage of key enzymes' activity and the accumulation of intracellular reactive oxygen species although the oxidative stress induced by NaOCl had been removed. However, with the resuscitation ongoing, the stimulatory effects became obvious, which was associated with the enhanced production of N-acyl homoserine lactones and the secretion of eDNA that ultimately led to more severe biofouling on the membrane surface. This study elucidates the inhibition-stimulation mechanisms involved in biofilm reformation (membrane biofouling) after membrane chemical cleaning, which is of particular significance to the improvement of cleaning efficiency and application of membrane technologies.
INTRODUCTION
In recent decades, membrane technologies have gained increasing popularity in water and wastewater treatment as a result of their distinctive advantages, such as small footprint, superior effluent quality and ease of automation generation of oxidative stress and thus inhibition of the activities of key enzymes (Han et al. , ) . Furthermore, NaOCl also solubilizes the organics by increasing their hydrophilicity, which is expected to facilitate the detachment of the biofilm from membranes (Wang et The apparent contradictory effects of NaOCl exposure prompt us to investigate the microbial behaviors relating to inhibition (e.g., cell death and biofouling alleviation) and resuscitation (e.g., biofilm reformation) after membrane chemical cleaning. In particular, we hypothesize that the stimulatory effects on the QS system of bacteria (although the oxidative stress induced by NaOCl has been removed), if any, could cause more severe biofouling of membranes.
As aforementioned, QS is known to influence a wide range of bacterial processes including biofilm formation through the production of and response to signal molecules called autoinducers. Even though NaOCl exposure can cause an initial inhibition of the QS system (Dukan et al. ; Waters & Bassler ; Kim et al. ) , its behavior during the resuscitation stage when the oxidative stress is removed in the ongoing operation, which is likely to be very different, has not been systematically studied yet.
In this work, we elucidated the microbial response and colonization behavior on the membrane surface after membrane cleaning had been completed, with the response of QS and the excretion of extracellular DNA (eDNA) during resuscitation clarified. Note that consideration has been largely given to the physiological step of biofouling, i.e., a microbe-driven process at minimum pressure, though there is no avoiding that the pressure applied in membrane filtration plays a vital role in the ongoing formation of the cake layer. Our study provides an in-depth understanding of the inhibition-stimulation mechanisms involved in the biofilm reformation (membrane biofouling) after membrane chemical cleaning, which offers new insights into improving the cleaning efficiency for membrane-based processes.
MATERIALS AND METHODS

Chemicals and bacteria strains
All chemicals used in this work were of analytical grade with purity over 99%. Ultrapure (UP) water was used in all experiments. Sodium hypochlorite (∼5% NaOCl, reagent grade), 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-gal), spectinomycin and tetracycline were obtained from Sigma Aldrich (Sigma, USA). Pseudomonas aeruginosa strain (P. aeruginosa, PAO1, ATCC 15692) was purchased from BeNa Culture Collection, China. Agrobacterium tumefaciens strain (A. tumefaciens A136 (Ti À ) (pCF218) (pCF372)) was used for monitoring the QS signaling molecules production (Oh et al. ) . The strains were cultured in Luria-Bertani (LB) broth at 30 C for 18 h for QS experiments.
NaOCl exposure and bacteria resuscitation P. aeruginosa was used as the model strain, with pure colonies incubated in a Luria-Bertani (LB) medium at 37 C for 8 h. The colonies were then harvested by centrifugation (4,000 g and 4 C for 10 min), with the collected cells resuspended in a dilute LB medium at the cell density (∼10 8 cells/mL) similar to an oligotrophic environment (3 × 10 7 ∼ 8 × 10 7 cells/mL) when biofilm is formed (Han et al. ) . NaOCl was initially introduced into the suspensions at different concentrations (0, 5, 10, 20, 50 and 100 ng/ 10 5 cells) that were chosen based on the levels to which microorganisms are potentially exposed during chemical cleaning (Han et al. ) . After 2 h (an exposure duration widely used in chemical cleaning-in-place (Wang et al. )), the bacterial suspensions were centrifuged and washed by 0.9% PBS solution three times to remove the chemical stress. The cells were finally resuspended in the dilute LB medium at the same density (OD 600 ¼ ∼0.2) and incubated at 37 C for another 24 h. The growth curves were interpreted by the probabilistic model (Equation (1)) developed by Horowitz et al. () . (1)
where N(t) is the number of live cells (OD 600 in this study), and P d (u) and P m (u) (or P d (t) and P m (t)) are the division and mortality probability functions, respectively. (1.0 mL) were mixed in a tube, which was then vortexed for 60 s. After vortexing, the hexadecane and aqueous phases were allowed to separate for 30 min. The absorbance of the aqueous phase was then measured at 400 nm using a multi-mode microplate reader (Synergy 4, Bio-Tek, USA).
Hydrophobicity is expressed as the ratio of hexadecane bound cells to total cells, which is calculated using the following:
where A 0 is the absorbance of cell suspension without hexadecane at 400 nm, A is the absorbance of aqueous phase after the addition of hexadecane and %Hex is the relative hydrophobicity of bacterial cells.
For zeta potential test, the cell samples were washed twice and resuspended to OD ¼ 0. All experiments were carried out at least in triplicate with average values and standard deviations provided.
One-way analysis of variance was performed using the SPSS software (SPSS V13.0, U.S.) at a 95% or 99% confidence interval (i.e., p < 0.05 or p < 0.01).
RESULTS AND DISCUSSION
Regrowth of P. aeruginosa after exposure to NaOCl
The growth curves of P. aeruginosa exhibit a lag phase followed by an exponential phase and eventually a stationary 1(c) and 2). As expected, the initial probability of division decreased at a higher NaOCl dosage (see P d at t ¼ 0 h in Figure 1(d) ). However, following a 6-h inhibited growth (compared to the control), there was a stimulated effect observed on the bacteria growth ascribed to the pre-oxidative stress induced by NaOCl (Figure 1(a) ), with P d at a dosage of 20 ng/10 5 cells, for example, surpassing the control test (Figures 1(b) and 1(c) ). An analysis of the probability of P. aeruginosa division at t ¼ 24 h revealed that its value increased with NaOCl dosage up to 20 ng/10 5 cells, further confirming the stimulatory effects of chemical cleaning on cell growth upon resuscitation (Figure 1(a) and SI Figure S1 ) though the dynamic equilibrium between P d and P m resulted in stable bacteria concentrations in the stationary phase (Figures 1(b) and 2).
Nevertheless, the excess dosage of NaOCl (i.e., 50 and 100 ng/10 5 cells) constantly suppressed cell division, likely due to the irreversible damage to microbial cells (Figure 1(d) ).
We further monitored the production of AHL, a major class of autoinducers in the QS system of P. aeruginosa Figure S2 show the AHL production under different scenarios, with a significant increase in AHL production occurring in the exponential phase followed by a sharp decline to extremely low levels in the stationary phase. Compared to the control test, the maximum AHL production was generally higher upon exposure to NaOCl up to 20 ng/10 5 cells, likely indicating the stimulatory effect of hypochlorite exposure on AHL production during resuscitation. As such, it is unexceptional that the probability of division became dominant in the exponential phase (Figures 1(b) and 1(c)), with higher AHL contents (for example, ∼600% AHL production of control at NaOCl dosage of 20 ng/10 5 cells) leading to higher probabilities of division (i.e., P d (t) >0.3). In contrast, chemical cleaning at extreme NaOCl concentrations (>50 ng/10 5 cells) inactivated the QS system of P. aeruginosa (SI Figure S2 ).
Biofilm formation
Consideration was then given to the effects of pre-exposure to NaOCl (at levels of 0, 20 and 50 ng/10 5 cells) on biofilm formation by using CLSM (Figure 3 ). According to the results from the growth curves and probabilistic modeling analysis, specimens of the biofilms formed on the membrane surface following 5-and 24-h incubation were selected to compare the stages when inhibition (i.e., low division probability and AHL content at 5 h) is dominant or stimulation effects (i.e., high division probability at 24 h) have been introduced to the community. Pre-exposure to 20 or 50 ng NaOCl/10 5 cells decreased the tendency of surface colonization of P. aeruginosa in the initial 5 h (Figures 3(a) -3(c)), which is consistent with the lower cell density (and AHL production) and the suppressed microbial division (Figure 1 ).
Following 24-h resuscitation, biofilms were substantially formed on exposure to 0 and 20 ng NaOCl/10 5 cells, with the stimulation effects by the moderate pre-oxidative pressure leading to more severe biofouling of the membrane surface (Figures 3(d) and 3(e)) though inactivation can be achieved at elevated NaOCl dosages (Figure 3(f) ). These In order to clarify the intrinsic relationship between the bacteria growth (Figure 1(a) and SI Figure S1 In the stimulatory stage (24 h), a significantly higher |Δf| (67.9 ± 1.3 Hz, p < 0.01) was observed for the bacteria sample that had been subject to the oxidative stress of 20 ng NaOCl/10 5 cells compared to the control test (48.8 ± 1.1 Hz) and 50 ng NaOCl/10 5 cells (45.1 ± 0.5 Hz).
Regarding the growth curves of P. aeruginosa (Figure 1(a) ), the aqueous cell density of the sample exposed to 20 ng NaOCl/10 5 cells was roughly increased by ∼100% from 5 to 24 h; however, much pronounced surface colonization (i.e., bacteria migration from the aqueous phase to the membrane surface) has been observed on the CLSM image ( Figure 3(e) ). A possible explanation should be related to the change in cell viscoelasticity, with |Δf| observed during this period increased by ∼5 times (Figure 3(g) ).
QCM Figure 4 summarizes the changes of cell zeta potential and relative hydrophobicity with or without experiencing NaOCl exposure. Results showed that while there was little variation in surface charges during the experimentation, the cell hydrophobicity significantly increased after exposure to NaOCl.
Notably, the use of 50 ng NaOCl/10 5 cell initially resulted in an increase in the relative hydrophobicity to ∼40% (Figure 4(b) ), which is in good relationship with the high |Δf| observed (Figure 3(g) ). After 24 h, the hydrophobicity of the bacterial community that had experienced the oxidative stress of 20 ng NaOCl/10 5 cells still sustained at a relatively high level compared to the control test. Therefore, one may expect that the biofilm formation at time t is a result of both aqueous cell density (P d ) and hydrophobicity, the variation of which is potentially dependent on the NaOCl dosage that induced different QS effects. For example, although high hydrophobicity (and |Δf|) was observed following 5 h resuscitation for 50 ng NaOCl/10 5 cell sterilization, insignificant biofilm was formed (Figure 3(c) ) because of the low cell density (i.e., P d < 0.05 in Figure 2(c) ).
Intracellular response and inhibition-stimulation mechanisms
The microbial behaviors can change in response to the presence and diffusion of NaOCl into microbial cells, with the interaction with cellular substances potentially influencing the metabolism process, disordering the anti-oxidation system and thus causing cell damage and regulation Therefore, in this study, we further evaluated P. aeruginosa's intracellular response after exposure to NaOCl. As shown in Figure 5 (a), the intracellular ROS contents for P. aeruginosa exposed to 20 and 50 ng NaOCl/10 5 cells are initially higher than the control test (one-tailed, p < 0.01), suggesting that the disinfection process (chemical cleaning) leads to the accumulation of ROS (such as peroxide, superoxide and hydroxyl radicals) (Puspitasari et al. ) , with the intracellular stress remaining for at least 5 hours after removal of the extracellular stress. Changes in the activities of the key enzymes responsible for the detoxification of ROS (e.g., SOD and catalase (CAT)) are provided in Figures 5(b) and 5(c). It can be seen that the activities of CAT and SOD of P. aeruginosa exposed to NaOCl are significantly lower than the control test (one-tailed, p < 0.01), indicating that NaOCl-mediated membrane cleaning is capable of deteriorating the microbial functions, with the retarded activities of key enzymes largely accounting for the ongoing intracellular ), which likely accounts for the detoxification mechanism that leads to the resuscitation and equilibrium between P d and P m at high probabilities (Figure 1(b) ). As shown in Figure 5(d) , the cellular ATP content in the test sample was significantly higher than the control test following 15-h resuscitation.
In contrast, the relevant cellular regulation is less efficient at elevated NaOCl dosages, with the activities of CAT and SOD enzymes being constantly lower than the control test ( Figures 5(b) and 5(c)). The unexceptional ROS contents for 50 ng NaOCl/10 5 cells at 15 h were likely ascribed to the low respiration activity that relates to the two-electron reduction of oxygen involved in ROS generation, especially in regards to the low P d (Figure 2(c) ). The low production of energy compounds (ATP) at 15 h also supports the relevant discussion.
In addition, eDNA also plays an important role in microbial adhesion to surfaces (Spoering & Gilmore ) .
eDNA is an essential component of the extracellular network that mediates cell-cell and cell-surface interactions, with these active processes (involving eDNA release) controlled by the 
).
As can be seen from SI Figure S4 , the eDNA contents in both control sample and that on exposure to 20 ng NaOCl/10 5 cells are at low levels at 5 h, which corresponds to the low abundance of cells as well as their low viability (Figures 1(a) and 2) in the first several hours of the resuscitation process. While pronounced 'eDNA secretion' was noted on the use of 50 ng NaOCl/10 5 cells, this is more likely as a result of cell death and release of intracellular DNA.
Following the exponential growth (∼15 hours), the eDNA content in the sample exposed to 20 ng NaOCl/10 5 cells was significantly increased compared to the others, and severe membrane biofouling has been observed (Figure 3(e) ). While there are a number of studies indicating that the use of NaOCl-mediated membrane cleaning may induce severe biofouling in ongoing operating cycles (SI Table S1 NaOCl dosages of up to 20, 50 and 50 ng NaOCl/10 5 cells, respectively (SI Figures S5, S6 and S12). Nevertheless, E. coli, a microorganism without AHL production, exhibited a similar stimulatory effect under NaOCl exposure. Therefore, the role of the QS system, including other signal molecules, needs to be further investigated.
Although overdosage can largely avoid the adverse stimulatory effects (Figure 3) , this practice can be costly (and even 
